We studied the relationship between plasma total folate and folate vitamer concentrations (5-methyltetrahydrofolic acid , pteroylglutamic acid [folic acid] and tetrahydrofolic acid [THF] with overall survival after breast cancer diagnosis. A secondary aim was to assess the relationship between folic acid supplement use with circulating total folate and folate vitamer concentrations. Participants were post-menopausal women diagnosed with breast cancer (n = 498) with an average follow-up of 6.7 years. Plasma total folate and folate vitamers were measured by isotope-dilution LC-MS/MS in samples collected at or post-diagnosis. Cox proportional multivariate hazards models (controlled for stage, age at diagnosis, body mass index, parity, HRT use, treatment, alcohol use, folic acid use, and energy intake), were used to assess overall survival after breast cancer diagnosis. We found that the relative risk of dying for women with plasma total folate concentrations in the highest quartile was 59% lower (HR: 0.41, 95% CI: 0.19 -0.90) compared with the lowest quartile. Data on supplement use showed that women taking folic acid supplements had significantly higher circulating total folate and folate vitamer concentrations (p < 0.0001), suggesting that increased folate consumption through diet and/or supplementation may improve prognosis after breast cancer diagnosis.
INTRODUCTION
Folate-mediated metabolism, also referred to as one-carbon metabolism, has a critical role in DNA methylation, synthesis and repair, and therefore has been linked to carcinogenesis (1) (2) (3) (4) . Epidemiologic studies have found an inverse association between folate intake and colon cancer risk (4) (5) , but data on the relationship between folate and risk for other cancers, including breast cancer have been mixed and reviewed extensively (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) .
Some epidemiologic studies have examined the association between dietary folate, but even fewer have assessed circulating folate concentrations with survival/prognosis after breast cancer diagnosis (15, (20) (21) (22) (23) (24) (25) (26) . Three studies on dietary folate intakes suggest protection after breast cancer diagnosis (20, (23) (24) . Also, earlier findings from the Iowa Women's Health study showed that postmenopausal women in the highest folate tertile had a reduced risk of dying compared with the lowest tertile (HR: 0.88; 95% CI: 0.44-1.76) (24) . However, other reports show either poor or no association between dietary folate intakes and survival after breast cancer diagnosis (24, 26) , and even fewer have studied the association between circulating folate concentrations and survival after breast cancer diagnosis (6, 25) . Therefore, additional studies investigating the relationship between dietary folate (both supplemental and from diet), and circulating folate concentrations, need to be conducted to more clearly delineate the role of folate with overall survival after breast cancer diagnosis.
Studies have yet to report on the relationship between circulating folate vitamer concentrations and breast cancer outcomes. The role of dietary and supplemental folate on circulating folate vitamers has been studied in pregnant women and older adults (27) (28) . The primary circulating folate vitamer in plasma is 5-methyltetrahydrofolic acid (5-methylTHF), while the actual bioactive form of folate is tetrahydrofolic acid (THF). Pteroylglutamic acid (folic acid) is primarily derived from supplements. Investigating circulating folate vitamer concentrations may further elucidate the role of folate vitamers, dietary folate and supplemental folate (prior to folate fortification) on survival after breast cancer diagnosis. Therefore, we tested whether elevated plasma total folate and folate vitamer (5-methylTHF, folic acid and THF) concentrations, prior to all cereal-grain folate fortification in 1998, were associated with overall survival after breast cancer diagnosis in post-menopausal women. Sub-aims included assessing the degree and whether dietary and supplemental folate intakes were related to plasma total folate and folate vitamer concentrations. We hypothesized that elevated total folate and folate vitamer concentrations will be associated with improved overall survival after breast cancer diagnosis and that folate vitamers will be significantly associated with folic acid supplementation.
MATERIAL AND METHODS

Study Population and Recruitment
Eligible breast cancer cases were identified within 6 months of diagnosis via the Cancer Surveillance Program of Orange County (CSPOC), an existing population-based cancer registry (29) (30) (31) (32) (33) , during a 1-yr period beginning in 1994. Participants consented and enrolled into a population-based study assessing heredity and environmental factors associated with breast and ovarian cancer (32) (33) .
Methodology, recruitment and participation rates for the larger population-based study have been described previously (32) (33) . For the present study, women with complete dietary data, plasma samples, and other variable data, including body mass index (BMI), ethnicity, parity and hormone replacement therapy (HRT) use were included in this study. Briefly, of the 980 who completed the Food Frequency Questionnaire (FFQ), 691 were post-menopausal and/or were diagnosed at ≥ 50 yrs. Of the 691, 498 had plasma samples and complete reproductive, descriptive and dietary data, and are included in the folate vitamer correlation analyses. And of the 498, 471 had complete treatment data and are included in the survival analyses. The study protocol, including questionnaires, was approved by the Internal Review Board (IRB) of the California State University, Fullerton (CSUF, IRB#: 08-0321) and the University of California, Irvine (UCI, IRB #: HS91-137).
Dietary and Supplement Use Assessment
The 100-item NCI-Block FFQ (34) was used to assess the usual dietary intakes of participants enrolled in the present study. The FFQ was self-administered and completed via mail after enrollment into the study. Participants were provided specific instructions to answer all questions accurately and carefully and to complete the FFQ based on their "usual" dietary pattern. Women were also queried on supplement use, including folic acid use. Women diagnosed with breast cancer were instructed to complete the questionnaire based on dietary habits during the year prior to diagnosis. Details regarding development and dietary assessment capabilities of the FFQ have been previously published (34) . Nutrient analysis was calculated by the DietSys 4.0 program.
Plasma Measurements
Blood samples were collected post-diagnosis by venipuncture into acidic citrate dextrose (ACD) vacutainers. Plasma samples collected for the parent study were stored at -80° C until analysis for the present study. Circulating total folate (sum of all folate vitamers) and folate vitamers (5-methylTHF, folic acid, THF, and 5-formylTHF/MeFox [pyrazino-striazine derivative of 4α-hydroxy-5-methylTHF]) were quantified by liquid chromatography tandem mass spectrometry (LC-MS/MS) using stable-isotope labeled compounds for internal standardization ( 13 C 5 -5-methylTHF, 13 C 5 -folic acid, 13 C 5 -THF, and 13 C 5 -5-formylTHF) (35-37). As we did not separate the two isobaric compounds 5-formylTHF and MeFox (an oxidation product of 5-methylTHF), we are not reporting those results. The between-run imprecision for three levels (one level for THF) of plasma QC (analyzed over 35-46 days with duplicate analysis each day) was 2. 
Other measures
Age, stage at diagnosis and treatment were obtained through the cancer registry. Summary stage defined by the Surveillance, Epidemiology and End Results (SEER) program of the National Cancer Institute was used to define disease stage at diagnosis as follows: in situ stage was defined as malignant, noninvasive carcinoma; localized disease was defined as invasive carcinoma confined to the breast; regional stage was defined as invasive carcinoma spread beyond the breast, by direct extension and/or to regional lymph nodes; and distant disease was defined as direct extension beyond adjacent organs specified as regional, metastasis to distant lymph nodes, or development of discontinuous secondary or metastatic tumors. TNM classification is summarized as the following: localized disease includes tumors T1-T3, N0, M0' regional disease includes tumors T4, N0, M0 or any T, N1 -N3, M0, and distant disease corresponds to any T, and N, M1. First course of treatment was categorized as completing chemotherapy, hormone therapy and radiation. All participants underwent surgery.
Alcohol use data, and height and weight data to calculate BMI (kg/m 2 ) were obtained through the FFQ. Menopausal status, parity and HRT use were self-reported via a questionnaire. If a woman reported being post-menopausal or if this data item was missing (approximately 6% missing), but the woman was ≥ 50 years at time of diagnosis, then she was considered to be post-menopausal.
For the present analysis, follow-up data was obtained by the cancer registry and was available through January 1, 2003 (range = 5.0 -101 months). Follow-up was ascertained from periodic reports from hospital-based registries and from annual linkage with the mortality records from the California Department of Vital Statistics, the Department of Motor Vehicles, the National Death Index, the National Change of Address and several other linkages with national and local databases. The mean follow-up/survival time was 81 months (SD: 16), and we had complete follow-up data on 98% of the sample.
Statistical Methods
Women who consumed < 600 Kcal or > 5000 Kcal (n = 62) were excluded from the analysis. All participants alive at last follow-up were treated as censored observations, and their survival time was computed from the date of diagnosis to date of last contact. The main outcome was death from any cause. In order to increase sample size and power, we included women diagnosed with in situ breast cancer (n = 75) and with metastatic disease (n = 5), and adjusted for stage in the analyses.
Total and dietary folate intakes, and circulating total folate and folate vitamer concentrations were log transformed in order to convert the data from a skewed distribution to an approximated Gaussian distribution. For samples in which folate vitamer concentrations were <LOD (21% for folic acid and 10% for THF), we used imputed values corresponding to the LOD divided by the square root of two (0.21 nmol/L for both folic acid and THF).
To test the primary hypotheses of whether circulating folate concentrations were associated with risk of dying after breast cancer diagnosis, we conducted cox proportional hazards multivariate regression models. Circulating total folate and folate vitamer concentrations were included as quartiles in the models. Total folate and folate vitamer concentrations were modeled separately. Hazard Ratios and 95% confidence intervals (CI) were calculated and are shown for the 2 nd , 3 rd and 4 th quartiles with the first quartile as the reference group. The multivariate models were adjusted for covariates shown previously to be related with breast cancer risk and/or survival, including stage of disease (SEER summary stage), age at diagnosis, energy intake, BMI and parity were included as continuous variables. HRT use and first course of treatment were included as categorical variables in the model. HRT use was categorized as no use (reference category) vs. use of estrogen only, progesterone only and both estrogen and progesterone. Treatment was categorized as completed vs. not completed (reference category) for chemotherapy, radiation and hormone therapy. Folic acid supplement use and alcohol use were dichotomized as use or no use. We also conducted a linear test for significance across quartiles. In addition, we included a variable representing time since diagnosis to date of blood draw [mean (yrs) and SD: 1.19 (± 0.57)], however this was not significantly associated with overall survival and had little to no effect on the results, and therefore, it was not included in the model.
Means were calculated on dietary folate and circulating total folate and folate vitamer concentrations. Pearson correlation coefficients were used to assess linear correlations between total, supplemental and dietary folate intakes with plasma total folate and folate vitamer concentrations. We conducted t-test analyses to test for differences in dietary folate intakes, total folate intakes, circulating plasma total folate and folate vitamer concentrations between women taking and not taking folic acid supplements.
RESULTS
Demographic, descriptive, dietary and other prognostic characteristics have been published previously (23, (32) (33) . Briefly, the mean age at diagnosis was 64 (± 9) years, and overall 85 deaths were reported with a mean duration follow-up of 81 (± 16) months. A majority of the population was non-Hispanic white (n = 459; 92.2%), followed by Asians (n = 12; 2.4%), Hispanics (n = 12; 2.4%), and unknown/other (n = 15; 3.0%). Stage of diagnosis was as follows: 15.1% of the women were diagnosed with in situ, 60.2% with localized disease, 23.7% with regional stage, and 1.00% diagnosed with metastatic disease. A majority of the women underwent radiation (n = 293, 60.0%), while less than a quarter completed first round of chemotherapy (n = 99; 20.1%) and hormone therapy (n = 170; 34.8%). Table 1 presents data on the association of plasma total folate and folate vitamer concentrations with all-cause mortality. Women with plasma total folate concentrations in the highest quartile had a significantly reduced risk of dying compared with the lowest quartile (HR: 0.41, 95% CI: 0.19-0.90), with a significant (p = 0.01) linear test for trend. The highest quartile for all folate vitamers were inversely associated with risk of dying, but did not reach significance at p ≤ 0.05. Table 2 shows correlations between dietary, supplemental, and total folate intake with circulating total folate and folate vitamer concentrations. All folate vitamers as well as circulating total folate concentrations were significantly correlated among each other (p < 0.05). Folate intake from food alone was significantly (p < 0.05) associated with 5-methylTHF and circulating total folate concentrations. In contrast, supplemental folic acid and total folate intakes had a strong positive, significant (p < 0.0001) correlation with circulating total folate and all folate vitamer concentrations.
Pre-fortification means (± SD) for dietary folate intakes, circulating total folate and folate vitamer concentrations are shown in table 3 for women taking and those not taking folic acid supplements. For the total sample, total folate intakes were 524.3 μg/d (± 113.48) with approximately half derived from food (252.6 ± 113.48) and the other half from folic acid supplements (271.61 ± 328.20). Mean circulating total folate concentration was 29.9 nmol/L (± 20.4) and was primarily comprised of 5-methylTHF (24.3 ± 15.5 nmol/L) followed by folic acid and THF. Significant (p < 0.05) differences between the no folic acid supplement group and those taking folic acid were observed for all variables.
DISCUSSION
We showed, in our sample of 471 post-menopausal women diagnosed with breast cancer, that elevated concentrations of plasma total folate were significantly associated with over a 50% reduced risk of dying after breast cancer diagnosis. The highest quartile of circulating 5-methylTHF, folic acid and THF were also inversely associated with risk of dying. Further, several associations between dietary folate intakes, including diet only and supplemental folate, and circulating folate vitamer concentrations were found.
Reports on cancer outcomes and total folate concentrations are mixed (9, 22) with some studies suggesting extremely high levels of folate and/or folate receptor over expression may contribute to reduced survival after cancer diagnosis (16, 22, 38) . Yang and colleagues recently investigated cancer outcomes in the NHANES III cohort and reported that those in the lowest folate quintile were at significantly higher risk of dying after cancer diagnosis, and with no linear trend in the remaining quintiles (22) . But, those in the highest quintile were at reduced risk of dying (0.85, 95%: 0.59 -1.22). Our results, similar to Yang et al. and Rossi et al. (25) , show that those in the highest quartile of circulating total folate concentrations were at significantly reduced risk of all-cause mortality after breast cancer diagnosis. Nonetheless, our total circulating folate concentrations were higher (29.9 nmol/L vs. 12.23 nmol/L) compared with NHANES III data (22) . Discrepant findings of studies either reporting increased risk and/or nonlinear associations may be due to extremely high doses of folate (1,000 ug) administered, cancer types studied and/or population-wide data collection compared to the present study. Also, to further examine the role of folate in breast cancer outcomes, we examined plasma folate vitamers, as well as the association between dietary/supplemental folate, plasma total folate and folate vitamer concentrations. We found that plasma total folate concentrations were primarily comprised of 5-methylTHF followed by folic acid. We showed that although the bioactive form of folate, THF, and other vitamers including 5-methylTHF and folic acid were protective, the effects didn't reach significance, and a majority of the protection was derived from circulating total folate concentrations in our sample of post-menopausal women diagnosed with breast cancer.
Strong correlations (r = 0.98, p < 0.001) between circulating total folate concentrations with folic acid supplementation have been reported previously (39) , however few studies have assessed the correlation between folate vitamers, dietary and supplemental folate intakes (27) (28) . We found significant correlations between total folate concentrations and folate vitamers, as well as between dietary folate and supplemental folate intakes with total folate concentrations. Overall, these results show that folic acid supplementation, compared with folate from food only, significantly influences and increases both circulating total folate concentrations and folate vitamers (which were associated with reduced all-cause mortality after breast cancer diagnosis). Several studies have shown increased bioavailability of folate from folic acid supplements compared with folate from food (40).
Our results on differences in circulating total folate and folate vitamer concentrations between those taking folate supplementation compared with folate from food are similar to other studies (27, 28, 41) , as well as confirm our correlation analyses. Compared with prefortification levels of the Framingham Cohort (19.5 nmol/L and 30.8 nmol/L, respectively without and with B vitamin supplements), our circulating total folate concentrations are similar (20.17 nmol/L and 36.29 nmol/L, respectively), but are higher compared with NHANES III data (41, 42) . It is possible that women recently diagnosed with breast cancer may have more healthful diets and/or behaviors which could result in higher circulating folate concentrations. Further, Obeid and colleagues compared folate vitamer concentrations in pregnant women supplemented with 400 μg folic acid to levels in un-supplemented women in Germany (27) . Pregnant women who were administered folic acid had significantly higher (p < 0.05) circulating total folate, 5-methylTHF and THF concentrations compared with women not supplemented with folic acid (27) . Similarly, our data suggest that in women diagnosed with breast cancer, taking folic acid supplements significantly influences not only circulating total folate concentrations, but also contributes to an increase in vitamer concentrations; it is therefore conceivable that, increased overall survival after breast cancer diagnosis can be contributed to folic acid supplementation in addition to folate from food only. Nonetheless, a recent study has clearly demonstrated either a U-shaped curve for the association between cancer risk and/or outcomes with folate (43) , therefore further studies investigating the appropriate (and protective) range for folate consumption and/or circulating folate concentrations should be conducted.
Limitations should be acknowledged. Our study has a relatively small sample size which may contribute to limited power to detect associations via stratified analyses, particularly between folate vitamers and treatment or stage. Another limitation includes data availability for the first round of treatment only and little to no data on breast cancer sub-types, which may influence breast cancer outcomes. Nonetheless, we controlled for key prognostic factors related to breast cancer, including age and stage at diagnosis, first round of treatment, HRT use and BMI, still permitting to detect an association between total plasma folate concentrations and overall survival in our study population.
In summary, the pattern of association with total circulating folate concentrations and reduced risk of mortality was observed in our sample of 471 postmenopausal women diagnosed with breast cancer. Folate vitamers may provide a protective effect, however, their association with overall survival after breast cancer diagnosis may be conferred via their cumulative influence on circulating total folate concentrations. Additionally, folic acid supplementation compared to dietary folate alone, was not only significantly associated, but also much more highly correlated with circulating total folate concentrations, suggesting that in the absence of folic acid fortification and/or consuming a low folate diet, folic acid supplementation may improve survival after breast cancer diagnosis. However, more studies are needed to elucidate the role of the relationship between dietary folate intakes and folate supplementation with circulating folate vitamers, and their influence on survival after breast cancer diagnosis. Table 1 Multivariate hazard ratios (HR) P-values for differences between users and non-users of folic acid supplements.
1
For samples in which folate vitamer concentrations were < LOD (21% for folic acid and 10% for THF), we used imputed values corresponding to the LOD divided by the square root of two (0.21 nmol/L for both folic acid and THF). 2 Folate from diet alone.
